The distribution of adrenergic receptors in specific components of the heart such as vessels and myocytes cannot be determined easily with assays of membranes prepared from homogenates of whole tissue. Accordingly, we characterized the binding of the potent nonsubtype selective antagonist [ 125 iodo]cyanopindolol to /3-receptors in unfixed transmural slices of feline and canine left ventricle. Specific binding ratios >90% were achieved at radioligand concentrations near K d and >80% at saturating ligand concentrations. Binding of radioligand to receptors in transmural slices was rapid, saturable, stereoselective, and displaceable by antagonists and agonists with the rank order of potency expected of/3-adrenergic receptors. Analysis of binding isotherms indicated maximum binding capacities of 27.8 ± 6.6 and 40.6 ±5.1 fmol/mg tissue protein and dissociation constants of 10.1 ±1.8 and
T he /3-adrenergic receptor modulates inotropic and chronotropic functions of the heart as well as coronary vascular tone. 12 Results of pharmacologic studies have suggested that cardiac myocytes and larger epicardial coronary arteries contain primarily /3,-receptors, whereas coronary microvascular resistance appears to be controlled by /3 2 -receptors. 3 " 10 Little is known, however, about the relative densities of /3-receptors in the myocytic and vascular components of the heart. The distribution of /3-receptors has been assessed with direct binding assays in membranes prepared from isolated epicardial coronary arteries," 12 but this approach is not feasible for analysis of the intramural coronary arteries and microvasculature. To facilitate analysis of the distribution of /3-adrenergic receptors in specific tissue components of the heart and to allow simultaneous regional analysis of receptor function and tissue morphology, we have used an alternative approach based on quantitative autoradiographic localization of radioligands bound to /3-adrenergic receptors in transmular slices of myocardium. With this approach, complex anatomic relations are preserved, total tissue receptors may be localized quantitatively, and potential redistribution or loss of receptors during homogenization and preparation of membrane fractions is avoided.
Incubation of radioligands with slices of whole tissue as opposed to partially purified membranes greatly increases the potential for nonspecific binding. To minimize nonspecific binding, we used the /3-adrenergic antagonist [ 125 iodo]cyanopindolol, a radioligand that binds with extremely high affinity and has a slow off-rate that allows extensive rinsing to remove nonspecifically bound ligand. 13 Once the basic pharmacologic criteria of receptor binding had been fulfilled, we characterized the transmural distribution of myocardial /3-receptors with film autoradiography, a method that allows quantitative, high resolution localization of binding sites in large anatomically complex tissue sections. The results indicate that a gradient exists in the density of /3-adrenergic receptors in the coronary vasculature. /3-Receptor density is relatively low in the large epicardial conductance arteries but is increased in the mural arteries and is highest in the small resistance vessels, the coronary arterioles. The density of /3-receptors in regions of cardiac myocytes is uniform in the transmural distribution and equivalent to that observed in arterioles.
Materials and Methods

Preparation of Tissue Slices
Hearts were excised rapidly from adult mongrel dogs anesthetized with thiopental (10 mg/kg i.v.) and cats anesthetized with a-chloralose (75 mg/kg i.v.) and rinsed briefly in saline at 4°C as previously described. 1415 Transmural blocks of left ventricular myocardium were dissected, cooled on dry ice, submerged slowly in liquid nitrogen, and stored in a sealed container at -70°C until used in experiments. Unfixed frozen sections, 12 jtim in thickness, were mounted on gelatin-coated slides. Three serial sections were placed on each slide.
Radioligand binding assays
Unfixed slide-mounted transmural sections of myocardium were incubated at 22° or 37° C in buffer (NaCl 154 mM, MgCl 2 10 mM, Tris-HCl 10 mM, pH 7.4) containing selected concentrations of (-)[ l25 iodoj cyanopindolol (ICYP) (2, 200 Ci/mmol, New England Nuclear, Inc., Boston, Mass.) and unlabelled displacer. Nonspecific binding was defined as binding of radioligand in the presence of 1 /AM 1-propranolol, which was kindly provided by Ayerst Laboratories, New York, N. Y. Sections were incubated with radioligand in large volumes of buffer so that the concentration of free radioligand did not change measurably during the incubations. Nonspecifically bound radioactivity was removed by incubating slides in buffer without radioligand or unlabelled displacer for selected intervals at 22° or 37° C. Following rinsing in buffer, sections were dipped briefly in distilled water to remove buffer solutes, dried under a gentle stream of air, and either scraped off slides for quantification of radioactivity with gamma scintillation spectrometry or prepared for autoradiographic analysis as described below. Radioactivity in each section was determined by scraping sections from the slides with a razor and quantifying radioactivity in each with gamma scintillation spectrometry (66% counting efficiency). Radioactivity was normalized to account for variations in section thickness or section size. Total cross-sectional area and total tissue protein were measured in groups of sections selected at regular intervals during the preparation of large numbers of serial sections for an individual experiment. Cross-sectional areas were measured by carefully tracing the outlines of the sections and digitizing the traced areas. Total tissue protein was assessed in individual sections scaped from acidwashed slides (nongelatin coated) using the Lowry assay with bovine serum albumin standards. 16 In all experiments, data points were calculated as means of triplicate determinations.
Quantitative Autoradiography
Two complementary light microscopic autoradiographic methods were used to quantitatively localize binding sites in transmural sections of myocardium. The first was the coverslip method of Young and Kuhar. 17 Acid-washed, gelatin-coated coverslips were dipped in melted Kodak NTB2 (Eastman Kodak Co., Rochester, N.Y.) nuclear track emulsion at 45°C and dried in a light-tight box containing desiccant at room temperature for at least 3 hours. The emulsion-coated coverslips were affixed to slides bearing radiolabelled sections with cyanoacrylate glue at one end and a binder clip at the other. Following exposure of the emulsion for 18-96 hours, the binder clips were removed, the coverslips gently lifted from the slides at one end, and the emulsions developed with Kodak D19 developer (diluted 1:1 with water) for 4 minutes and fixed with Kodak fixer for 4 minutes at 25° C. After photographic processing the tissue sections were stained with hematoxylin and eosin and the coverslips sealed permanently to the slides. The tissue and overlying grains in the emulsion layer were examined by light microscopy, photographed, and grain densities quantified by counting grains per unit area of selected regions of the section.
The second autoradiographic method employed highly sensitive film (Ultrofilm, LKB Instruments, Inc., Gaithersburg, Md.) and analysis with automated computer reconstruction of digitized film autoradiographic images. Slides bearing radiolabelled sections were placed in direct contact with Ultrofilm for 18 hours to 2 weeks, after which the film was developed with Kodak D19 developer (4 minutes at 4°C), rinsed with dilute acetic acid, fixed with rapid thiofix for 15 minutes at room temperature, and washed with distilled water. The developed images were scanned with an Eikonix 785 flatbed scanner/digitizer and digitized in units of film optical density in a 1024 x 1024 picture element (pixel) array. 18 Background optical density, assessed in areas of film adjacent to exposed regions, was subtracted automatically from the optical density measurements obtained over the sections. Digitized image data were stored on a DEC VAX 11/730 computer and analyzed with the LONISP software package developed by the Laboratory of Neuro Imaging at Washington University. 18 The analysis system is capable of reconstructing digitized optical density images and, using standards to convert optical density to values of specific radioactivity, 19 can display reconstructed images showing radioligand binding density. The system can analyze binding isotherm data over a broad concentration range, perform Eadie-Hofstee analysis on a pixel-by-pixel basis and display reconstructed images showing maximum binding capacity (B mai ) and dissociation constant (K d ) in each pixel. 20 Tissue radioactivity standards were used to calibrate film autoradiographs and to convert optical density measurements to units of specific radioligand binding. Tissue standards were prepared by grinding canine myocardium into a smooth paste and adding known quantitites of ICYP over a range of concentrations (0.2-9.6 jU,Ci/g wet wt) equivalent to that encountered in binding isotherm experiments. Wet and dry weights, protein content, and specific radioactivity were determined in each of the labelled tissue paste standards with the Lowry protein assay 16 and gamma scintillation spectrometry. The standards were frozen, sections 12 /xm in thickness were prepared, and a series of standard sections mounted on slides were placed on film along with experimental sections containing radioligand. A standard curve was generated for each sheet of film used to determine the distribution of myocardial /3-receptors in transmural sections of myocardium.
Statistical Analysis
All data are expressed as means ± SD unless otherwise indicated. Binding isotherm data were transformed according to the methods of Scatchard 21 and Hill. 22 Simple linear regression was used in determining intersections and slopes in Scatchard and Hill plots.
The statistical significance of differences in grain density measurements in light microscopic autoradiographs was determined with analysis of variance using the SAS general linear models procedures. 23
Results
Initial experiments were performed to determine optimal rinsing conditions to remove nonspecifically bound radioactivity without removing specifically bound radioactivity. Frozen transmural sections of canine and feline left ventricle were incubated with saturating concentrations of ICYP for prolonged intervals to promote nonspecific binding. Subsequently, the sections were incubated with buffer not containing radioligand or unlabelled displacers for selected intervals, rinsed briefly in distilled water, and then dried and scraped for quantification of radioactivity with gamma scintillation spectrometry. As shown in Figure  1 A, the amount of specific binding in sections of feline myocardium remained constant during 180 minutes of incubation with buffer not containing radioligand or unlabelled displacer at room temperature (22° C). Specific binding ratios of 80-85% were routinely achieved at saturating radioligand concentrations while > 9 0 % specific binding was observed at ICYP concentrations near K d . In canine myocardium, the ratio of specific binding observed following rinsing at 22°C was lower than in the cat ( Figure IB ). However, rinsing of sections at 37° C enhanced removal of nonspecifically bound radioactivity without causing removal of specifically bound radioactivity ( Figure 1C ). Based on these experiments it was determined that optimal removal of nonspecific radioactivity in feline myocardium was achieved after 60 minutes of incubation at room temperature, while in the dog excellent specific binding ratios were achieved following 60 minutes of incubation at 37° C. These rinsing conditions were used in all subsequent experiments.
The association kinetics of ICYP binding were studied over a broad range of radioligand concentrations and at different temperatures in both dog and cat myocardial sections to define intervals required to achieve equilibrium binding. As shown in Figure 2A , a plateau in specific binding was achieved in 60 minutes when sections of feline left ventricle were incubated with a 
MINUTES FIGURE 2. Effects of temperature and radioligand concentration on ICYP binding to feline and canine myocardium. A:
Sections of feline myocardium were incubated with 50 pM ICYP at 22°C (m) or 37°C (•). After selected intervals of binding, sections were rinsed to remove nonspecifically bound radioactivity, dried, scraped from slides, and radioactivity quantified with gamma scintillation spectrometry. B: Sections of canine myocardium were incubated for selected intervals with ICYP concentrations of 93 pM (upper curve), 9.5 pM (middle curve), and I. I pM (lower curve). Sections were rinsed and radioactivity determined as described. Data points are means ± SD of triplicate determinations of specific binding.
saturating concentration of radioligand (50 pM) at 37° C. The same level of specific binding was not reached until 180 minutes when adjacent serial sections were incubated with 50 pM ICYP at 25°C. Accordingly, subsequent binding studies were conducted at 37° C. Incubation intervals required to achieve equilibrium binding were assessed in canine myocardium incubated with ICYP at selected concentrations (Figure 2B) . At a concentration of 93 pM (approximately 5 times K d ), a plateau in specific binding was achieved after 60 minutes of incubation, whereas at 9.5 pM (approximately half K d ) a plateau in specific binding was not apparent until 120 minutes. At 1 pM (approximately 0.025 times K d ) a plateau was difficult to discern although the difference in specific binding at 120 and 240 minutes was not statistically significant. Thus, in subsequent binding isotherm experiments, sections were incubated with radioligand for 60-120 minutes depending on radioligand concentration. Figure 3 shows the expected linear relation between section thickness and amount of specific binding. A section thickness of 12 jum was considered optimal because the variation in thickness, assessed with protein assays, was modest (< 10%), sections were easy to cut and handle, and a substantial number of sections could be prepared from a single tissue block. Therefore, sections of myocardium and tissue radioactivity standards were cut at 12 jum in all subsequent experiments.
Binding isotherms of unfixed frozen sections of feline and canine myocardium incubated with ICYP are shown in Figures 4 and 5. Scatchard analysis of 14 separate isotherms in sections prepared from 7 cat hearts revealed a K d of 10.1 ± 1.8 pM and a B mai of 27.8 ± 6.6 fmol/mg total tissue protein ( Figure 4 ). Scatchard plots were linear and Hill plots had slopes close to 1.0 consistent with binding of ICYP to a single class of binding sites without positive or negative cooperativity. Analysis of binding isotherms in canine myocardium (4 isotherms in sections from 4 hearts) revealed a K d of 21.3 ± 1 . 6 pM and a B raax of 40.6 ± 5 . 1 fmol/mg total tissue protein ( Figure 5 ).
To characterize the stereospecificity of binding and to determine whether binding of ICYP to /3-receptors could be displaced by agonists and antagonists with the rank order of potency characteristic of /3-adrenergic receptors, sections were incubated with ICYP and selected concentrations of the d-and 1-stereoisomers of the antagonist propranolol and the agonists isoproterenol and norepinephrine. In 2 separate experiments, the 1-stereoisomers were 2-3 orders of magnitude more potent than the corresponding d-isomers in displacing binding of ICYP as shown in Table 1 and Figure 6 . Competitor dissociation constant values (K,) values were determined according to the method of Cheng and Prusoff. 24 The affinity of the antagonist 1-propranolol for ICYP binding sites was greater than that of the agonist 1-isoproterenol, which, in turn, displaced ICYP with greater affinity than 1-norepinephrine. Thus, binding of ICYP to unfixed transmural sections of canine and feline myocardium was stereoselective and was displaced by antagonists and agonists with the rank order of potency expected of the /3-adrenergic receptor. In addition, the propranolol displacement curve was steep while those of the agonists spanned a greater concentration range and appeared biphasic, consistent with the known high and low affinity states of the /3-receptor for agonists.? 5 We employed the binding methods developed to localize /3-adrenergic receptors in transmural frozen sections of the heart with light microscopic autoradiography. To facilitate quantitative analysis of film autoradiographs, film was exposed to uniformly labelled tissue paste standards containing known levels of ra- dioactivity. As shown in Figure 7 , the optical density of the exposed film was proportional to section thickness, specific radioactivity, and exposure interval. Within the range of optical densities reliably quantified by the automated microdensitometric analysis system, the relation between film optical density and tissue specific radioactivity was linear. In each experiment, a series of 12 fim sections of tissue paste radioactivity standards was exposed to Ultrofilm along with slides bearing radiolabelled sections to convert optical density measurements to units of specific radioactivity.
Binding isotherms were analyzed autoradiographically in 4 separate experiments with feline myocardium by exposing labelled sections to Ultrofilm after incubation of tissue with a broad range of ICYP concentrations. As shown in Figure 8 , the isotherm, Scatchard plot, and calculated values of B max and K d in feline myocardium, determined solely from autoradiographic measurements of total section radioactivity at each ligand concentration, were in agreement with those obtained by gamma scintillation spectrometry (see Figure 4 ). In sections of feline left ventricle, B roax and K d were 19.3 ± 3 , 0 fmol/mg protein and FIGURE 8 . Binding isotherm and Scatchard plot of specific ICYP binding to transmural sections of feline myocardium. Sections were incubated with 1-64 pM ICYP, rinsed, dried, and exposed to Ultrofilm along with tissue paste standards. Specific binding at each concentration was defined as difference in optical density measurements of film autoradiographs of sections incubated with ICYP in presence or absence ofl fiM l-propranolol. For each autoradiographic film image, a mean optical density value was determined by computer and converted to units of specific radioactivity (pCi/g wet wt) based on tissue paste standards. Data points are means ± SD of determinations in triplicate sets of sections.
10.1 ± 1.8 pM, respectively, determined autoradiographically, and 27.8 ± 6.6 fmol/mg protein and 10.0 ± 1.8 pM, respectively, determined with gamma scintillation spectrometry. Similar agreement between gamma scintillation spectrometry and autoradiography data was observed in canine tissue (data not shown). The transmural distribution of binding sites was analyzed quantitatively in computer reconstructions of digitized, calibrated autoradiographic film images. Comparison of computer-reconstructed images with the actual tissue sections allowed easy identification of specific structures resolved with film autoradiography. Figure 9 shows a representative computer reconstruction of the distribution of specific-binding sites expressed in fmol/mg tissue protein in a transmural section of canine left ventricle incubated under equilibrium binding conditions with 30 pM ICYP. An epicardial coronary artery cut in cross-section was readily apparent on the epicardial surface of the sec-tion. The contours of the endocardial trabeculae were resolved crisply as were profiles of intramural coronary vessels and surrounding perivascular space. Magnified views of the epicardial coronary artery with its surrounding perivascular connective tissue and a mural artery (Figure 9 ) demonstrate the resolution achieved by the autoradiographic system. The density of binding sites in both the epicardial and mural vessels appeared lower than in the surrounding regions composed mainly of cardiac myocytes. However, the images depicted in Figure 9 show the distribution of/3receptors under equilibrium binding conditions at a single concentration of radioligand and thus do not provide information about the total number of binding sites in each anatomic compartment and the affinity with which radioligand bound to receptors. Analysis of binding isotherm data was therefore required. Figure 10 shows computer reconstructed images selected from an isotherm in which serial transmural sections of canine myocardium were incubated with ICYP at 10 separate concentrations from 1-120 pM. Each image depicts specific binding of ICYP in a portion of epicardium that included profiles of epicardial and mural arteries. The amount of specific binding increased with increasing ICYP concentrations as indicated by the color gradations. At each ligand concentration, the density of 0-receptors in epicardial and mural vessels was approximately 40 and 65%, respectively, of the density in surrounding myocytes.
Quantitative images obtained from serial sections incubated with ICYP at 1-120 pM were superimposed with the use of anatomic landmarks as fiducial marks. Eadie-Hofstee analysis was performed on a pixel-bypixel basis over the full ligand concentration range and the computer reconstructed the resultant B max and K d images. As shown in Figure 11 , the maximum binding capacity in the epicardial coronary artery was considerably lower than in the subjacent myocardium. B max was uniform in the transmural distribution, but a lower maximum binding was apparent in specific regions of the section that corresponded to small mural coronary arteries in stained preparations of the actual tissue sections. Although B max values varied widely among different components of the section, the affinity with which ICYP bound to /3-receptors in these components fell within a narrow range, as shown in the magnified view of the epicardium depicted in the K d map in Figure 11 . The uniformity of K d over a broad range of B max values was readily apparent in the connective tissue that surrounded the epicardial coronary artery shown in Figures 9 and 10 . The sparse cellularity of the fibrofatty connective tissue resulted in a low per unit area density of binding sites in comparison with surrounding structures. However, as shown in the K d map in Figure 11 , ICYP bound to the /3-receptors of the loose perivascular connective tissue, as well as those of the epicardial coronary artery, mural vessels, and surrounding ventricular myocytes with uniform affinity.
The results of quantitative localization of /3-receptors with Ultrofilm autoradiography were confirmed 
mm
with conventional autoradiographic methods using emulsion-coated coverslips. Sections of canine left ventricle were incubated under equilibrium conditions with ICYP at 60 pM (saturation of specific binding sites), 20 pM (K d ) and 4 pM (20% of specific binding sites occupied at equilibrium) in the presence or absence of 1 fxM l-propranolol, rinsed to remove nonspecifically bound radioactivity and analyzed with the emulsion-coated coverslip method of Young and Kuhar. 7 Randomly selected regions of ventricular myocytes, epicardial coronary arteries, small mural arteries, and coronary arterioles ( < 6 0 /u.m in diameter) were photographed, grains overlying the structures of interest were counted, and the areas of the structures were digitized to determine grain density values. Spe-cific grain density values were calculated for each structural component at each ICYP concentration by subtracting nonspecific grain densities (assessed in sections incubated with ICYP plus 1 fxM l-propranolol) from total grain density measurements. At each concentration of ICYP, nonspecific binding was consistently lower in vascular than in myocyte compartments. For example, at 20 pM ICYP plus 1 jiiM 1propranol, the grain density of epicardial coronary arteries was only 42% of the grain density of myocytes. While not predictable a priori, it is not surprising that the extent of nonspecific binding of ICYP differs in myocytes and the coronary vasculature. Although the actual loci of nonspecific binding sites are not known, the results indicate that nonspecific bind- ing of ICYP is more extensive in regions composed primarily of myocytes (higher binding affinity or capacity or both) than in the vasculature. Table 2 compares the specific grain densities in vascular and myocyte compartments at each ICYP concentration studied. The grain densities of the vascular compartments have been expressed as proportions of the grain density of myocyte regions in each individual section to account for differences in absolute grain density measurements due to variable intervals of exposure of emulsion-coated coverslips. Over the broad concentration range of radioligand, the grain density of epicardial coronary arteries was approximately half of that of myocytes, the density of mural vessels ranged from 55-65% of that of myocytes, and the grain density of the arterioles was equivalent to the density of myocytes. These observations agree closely with the relative proportions of specific binding sites in myocytes and vascular compartments determined with film autoradiographs. The equivalent density of binding sites in coronary arterioles and adjacent myocytes demonstrated in emulsion-coated coverslip autoradiographs explained the apparent inability to resolve arterioles in the quantitative computer reconstructions of film autoradiographs.
Discussion
The purpose of this study was to quantitate and localize /3-adrenergic receptors in intact transmural slices of the mammalian heart to define the distributions of /3-receptors in specific myocardial and coronary vascular components. The approach developed preserves anatomic relations, thus permitting analysis of the distribution of /3-receptors in specific morphologically identified components of the heart. In addition to those analyzed in the present study, such components might include the nodes and bundles of the cardiac conduction system, complex zones of ischemic injury, or regions of abnormal conduction or automaticity identified with electrophysiologic mapping. The sensitivity and resolution of the light microscopic au- . Computer reconstructed images of transmural distribution of B max and K d values in sections of canine myocardium incubated with 10 separate concentrations of ICYP from 1-120 pM. Averaged images of specific binding were created at each concentration as described in Figure 10 legend. Averaged images depicting specific binding at each concentration were aligned. The computer performed Eadie-Hofstee analysis on each set of corresponding pixels in aligned images and derived values ofB max and K d on a pixel-by-pixel basis. Large epicardial coronary artery in each section was the major anatomic landmark used to align averaged specific binding images. Unavoidable malalignment of edges of image due to variations in contours of large number of sections required to perform complete isotherm accounts for apparent variation in B max at edges of composite image. Values (means ± SD) express the specific grain density of each vascular compartment as a proportion of the grain density of adjacent regions composed mainly of ventricular myocytes in emulsioncoated coverslip autoradiographs. n refers to the number of animals studied at each ICYP concentration.
One to three sections of a single transmural block of left ventricle were analyzed in each animal. In each section, grains were counted in 3-5 randomly selected photographs of each vascular compartment and adjacent myocytes. Values in parentheses are proportions of mean values of specific binding in epicardial or mural vessels and specific binding in adjacent myocytes measured in film autoradiographs at each ICYP concentration. At each concentration of ICYP the specific grain density of epicardial conductance and mural coronary arteries was significantly different (p<0.01) than the density of grains over adjacent myocytes. The specific grain density over coronary arterioles was not significantly different than myocytes.
toradiographic procedures employed in this study make analysis of /3-receptor distribution feasible in individual endomyocardial biopsy specimens obtained from patients. Thus, the methods developed can provide information not readily obtained in isolated cells or in membranes prepared from homogenates of myocardium.
Because the potential for nonspecific binding of radioligand is increased by the use of whole tissue.compared with partially purified membranes, we considered rigorous characterization of binding and rinsing conditions and fulfillment of basic pharmacologic criteria of receptor binding to be of critical importance before attempting to localize binding sites autoradiographically. The nonsubtype selective /3-adrenergic antagonist ICYP was particularly well suited for this purpose. It has high and equal affinity for both /3 r and /3 2 -receptors, and its slow off-rate permits extensive rinsing to remove nonspecifically bound radioactivity without removal of specifically bound radioligand. 13 Thus, specific binding ratios of 90-95% at concentrations close to K d and 80-85% at saturating ligand concentrations were readily achieved. The high specific activity of the ligand and the ability of Ultrofilm and nuclear track emulsions to detect the low energy secondary electron emissions of 125 ICYP 2627 resulted in rapid formation of autoradiographic latent images even though the concentration of/3-receptors in intact myocardium is low.
The results of the initial phase of this study indicate that binding of ICYP to unfixed transmural sections of canine and feline left ventricle was rapid, saturable, stereoselective, and displaceable by antagonist and agonists with the rank order of potency characteristic of the/3-adrenergic receptor. Furthermore, agonist dis-placement curves were broad and biphasic, suggesting binding at sites with high and low affinity for agonist. Although these features of radioligand binding to /3receptors are well known in partially purified membranes or reconstituted systems, 1 -228 the present results are the first to characterize the binding of ICYP to /3receptors in intact myocardial tissue slices.
The high specific activity of ICYP and the high ratios of specific binding enabled us to use film autoradiography and sophisticated automated quantitative analysis and computer reconstruction of digitized autoradiographic images. This technology has been widely employed in studies of metabolism and receptor distributions in the brain 29 but has not been applied previously to myocardium, owing in part to the low concentrations of receptors in cardiac tissues.
Our results show that a gradient in /3-receptor density exists in the coronary vasculature. Large epicardial conductance arteries contained a relatively low density of receptors, mural arteries had a higher density, and coronary arterioles had the highest density, which was equivalent to that observed in regions composed mainly of ventricular myocytes. The transmural distribution of /3-receptors in regions composed mainly of cardiac myocytes was uniform. Although B max varied widely, the affinity of ICYP for /3-receptors was equivalent in all tissue compartments examined.
Autoradiographic localization of /3-receptors in frozen sections of canine myocardium has been reported by Muntz et al. 30 -31 Important differences in methods and results exist between these reports and this study. Muntz et al 30 -31 used the tritiated /3-adrenergic antagonist dihydroalprenolol ([ 3 H]-DHA), a radioligand with a twentyfold to twenty-fivefold lower specific radioactivity and several hundredfold lower binding affinity for /3-receptors than ICYP. Thus, film autoradiography was precluded, and conventional emulsion methods were required. Not unexpectedly, nonspecific binding was considerably greater than that observed in our studies, especially at [ 3 H]-DHA concentrations above K d . Initial analysis of the distribution of /3-receptors in the canine left ventricle by Muntz et al 30 suggested that arterioles contained a nearly fivefold greater number of binding sites per unit area than adjacent myocytes, but measurements were performed in sections incubated with a single concentration of [ 3 H]-DHA well below K d . In a subsequent analysis carried out with a range of [ 3 H]-DHA concentrations, 31 it was reported that the maximum binding capacity of arterioles and myocytes was equivalent but that arteriolar /3receptors had fourfold to sixfold greater affinity for [ 3 H]-DHA than did ventricular myocytes. In contrast, our data with ICYP indicate that both the maximum binding capacity and binding affinity of /3-receptors of arterioles and myocytes were equivalent. The explanation for this discrepancy probably involves the differential distribution of cardiac /3,-and /3 2 -receptors and different binding properties of [ 3 H]-DHA and ICYP. Although direct binding assays in membranes have indicated that large epicardial coronary arteries contain primarily /3,-receptors," 12 the results of studies of the effects of subtype-selective drugs on coronary vascular resistance and perfusion patterns suggest that ;3 2 -receptors are concentrated in the microvasculature. 4 -5 ' 710 -32 Furthermore, [ 3 H]-DHA appears to bind with greater affinity to membranes of tissues rich in /3 2 -receptors than tissues in which /3,-receptors are predominant. For example, reported values of K d for [ 3 H]-DHA in rat myocardial membranes 25 -33 or isolated rat cardiac myocytes 34 (predominantly /3,-subtype) range from 4-8 nM, whereas reported values for binding to rat lung 35 -36 or erythrocytes 36 (predominantly /3 2 -subtype) are 0.25-0.5 nM. ICYP, however, binds with equal affinity to /3,-and /3 2 -receptors. 37 Thus, the greater affinity of [ 3 H]-DHA for binding sites in arterioles observed by Muntz et al 31 may be due to a greater proportion of /3 2 -receptors in the microvasculature as opposed to myocytes.
The light microscopic methods used to quantitate and localize /3-adrenergic receptors cannot resolve radioligand binding sites in individual cells or closely apposed structures. Thus, autoradiographic measurements expressed as grains per unit section area necessarily encompass structurally heterogeneous regions. This limitation has important implications. First, measurements of the density of binding sites in the compartment referred to as ventricular myocytes in the present study actually included the contributions of cardiac myocytes, capillary endothelium, and other interstitial cells. Although cardiac myocytes comprise approximately 85% of the volume of canine left ventricular myocardium, 38 they have modest membrane surface per unit volume (0.25-0.30 jtim 2 sarcolemmal surface//u,m 3 myocyte vol). 3839 Interstitial cells (mainly capillary endothelium) constitute only 4% of canine myocardial tissue volume 38 (the remaining 12% is interstitial and intravascular space) but have a much greater surface per unit volume due to the flattened configuration of endothelium. Based on the morphometric data of Gerdes and Kasten, 38 we estimate that the endothelial surface to volume ratio is approximately 25 times that of myocytes. Thus, more than half of total cell surface membrane in myocardium may be derived from nonmyocytic cells, a conclusion that obviously applies to binding assays in membrane preparations as well as to autoradiography in tissue sections. The relative densities of /3-receptors in cell membranes of cardiac myocytes and capillary endothelial cells are not known. Ultrastructural resolution of the distribution of receptors is required to resolve this question.
A second consequence of the limited resolution of light microscopic autoradiography concerns the relative amounts of cell surface membrane per unit area of different classes of coronary vessels. Our observations that large epicardial coronary arteries contained a lower density of /3-receptors than smaller intramural arteries could be due in part to a lower proportion of cells and a greater proportion of noncellular structures (e.g., collagen and elastin fibers) per unit secton area of large vs. small arteries. As shown in Table 2 , however, the greatest difference in receptor density was observed between small mural arteries 60-300 fim in diameter) and arterioles ( < 60 ^im in diameter). It seems unlikely that disparities in cellularity or the relative proportions of cell surface membrane per unit area could account for the significant grain density difference observed. Furthermore, pharmacologic observations that coronary vessels of different caliber vary in their responses to catecholamines 3 "' 0 support our findings, which suggest that the density of /3-receptors on a per cell basis increases as the caliber of coronary arteries decreases. Ultrastructural morphometric analysis of the volume proportion of medial smooth muscle cells and cell surface-to-volume relations will be required, however, to resolve this issue.
Despite the limitations of resolution, quantitative light microscopic autoradiographic localization of adrenergic receptors does offer insight that cannot be obtained with other approaches. It holds considerable promise in analyses of receptor distribution and function in normal and pathologic myocardial tissue.
